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ABSTRACT 

We derive the optical luminosity, colors, and ratios of the blue and red helium burning (HeB) stellar 
populations from archival Hubble Space Telescope observations of nineteen starburst dwarf galaxies 
and compare them with theoretical isochrones from Padova stellar evolution models across metallicities 
from Z = 0.001 to 0.009. We find that the observational data and the theoretical isochrones for both 
blue and red HeB populations overlap in optical luminosities and colors and the observed and predicted 
blue to red HeB ratios agree for stars older than 50 Myr over the time bins studied. These findings 
confirm the usefulness of applying isochrones to interpret observations of HeB populations. However, 
there are significant differences, especially for the red HeB population. Specifically we find: (1) offsets 
in color between the observations and theoretical isochrones of order 0.15 mag (0.5 mag) for the 
blue (red) HeB populations brighter than My ~ —4 mag, which cannot be solely due to differential 
extinction; (2) blue HeB stars fainter than My ~ —3 mag are bluer than predicted; (3) the slope of 
the red HeB sequence is shallower than predicted by a factor of ~ 3; and (4) the models overpredict 
the ratio of the most luminous blue to red HeB stars corresponding to ages < 50 Myr. Additionally, 
we find that for the more metal-rich galaxies in our sample (Z > 0.5 Z©) the red HeB stars overlap 
with the red giant branch stars in the color magnitude diagrams, thus reducing their usefulness as 
indicators of star formation for ages > 100 Myr. 

Subject headings: galaxies: dwarf — galaxies: evolution — galaxies: individual (Antlia dwarf, 
ESO 154-023, UGC 4483, UGC 6456, UGC 9128, NGC 625, NGC 784, NGC 1569, 
NGC 2366, NGC 4068, NGC 4163, NGC 4214, NGC 4449, NGC 5253, NGC 6789, 
NGC 6822, IC 4662, DDO 165, Holmberg II) — galaxies: starburst 



1. HEB STARS IN ISOCHRONES AND OBSERVATIONAL 

CMDS 

Theoretical stellar evolutionary isochrones predict 
the paths that stars will traverse in a color magni- 
tude diagram (CMD) as the stars age and evolve. 
Isochrone libraries span a large range of stel- 
lar masses and me t allicit ie s (e.g.. iVandenBerg et al.l 
20001: [Bertelli et all H99l iLeieune fc Schaererl 120011: 



zuuu; Lscrtciii et al.l lib)!J4t lEeieune & scnaeren zuuit 
Yi et alj200lHPietrinferni et al.ll2004HDotter etail200a: 
Marigo et al.l 120081 and references therein). They are 



widely used to aid in the interpretation of CMDs con- 
structed from stellar populations observed in clusters 
and galaxies including measuring the star formation his- 
tories (SFHs) of galaxies ("e.g .. iTolstov fc Sahal [19961: 
Aparicio et all 119961: iDolphin! |2002t lHarris fc Zaritskvl 



2001ft . Isochrones have also aided both in understanding 



of the integrated properties of stellar popula tions (e.g., 
iBruzual fc Charl"otll2003l : iLeitherer et al.l[2010L and refer- 
ences therein) and in quantifying the chemical and spec- 
tral evolution of galaxie s. Current theoretica l isochrones 
use radiative opacities (|Bertelli et al.l fl99~4[) and modi- 
fied combinations of convective core and convective en- 
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velop e overshooting (jAlongi et al. 1993; Brcssa n et al.l 
1993) calibrated to the different wavelengths and fi lters 
commonly used in observations ([Girardi et al.|[2004T ). 

In this paper we focus on luminous, core helium burn- 
ing (HeB) stars. These stars have initial masses between 
~ 2 — 15 Mq, and evolve off the main sequence (MS) 
between ages of ~ 5 — 1000 Myr into HeB stars before 
evolving further into thermally pulsating asymptotic gi- 
ant branch (TP-AGB) stars or exploding as supernovae. 
Specifically, current models show stars in this initial mass 
rang e will leave the MS burning helium in their cores 
(e.g.. lGallart et al1l2005l and references therein), becom- 
ing more luminous and redder in color, and will popu- 
late the red HeB (RHeB) branch in a CMD. The RHeB 
stars will traverse the CMD toward bluer colors, mak- 
ing the "blue loop", and populate the blue HeB (BHeB) 
branch. A comparison of the predicted characteristics of 
HeB stars with observations can provide important con- 
straints for the stellar evolution models, particularly with 
high-fidelity photometric measurements now achievable 
from space-based telescope observations. 

Based on the cur rent Padova mode ls (for a compre- 
hensive review, see iChiosi et al1ll992l ). both the RHeB 
and BHeB phases of evolution occupy a space in an op- 
tical CMD which is uniquely dependent on the age of 
the star. While other phases of evolution have either an 
age degeneracy or an age-metallicity degeneracy in their 
CMD location, the one-to-one age-luminosity relation of 
HeB stars affords an opportunity to not only separate 
stars in this stage of evolution from other populations, 
but to also age date the HeB population in an observed 
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CMP directly from isochrones (e.g.. iDohm-Palmer et al.l 
1997). HcB stars spend more time at or near the extreme 
red and blue colors than at intermediate colors as HeB 
stars evolve rapidly from the RHeB to the BHeB phase. 
The luminosities and colors around these extrema de- 
fine the RHeB and BHeB sequences observationally and 
are readily identifiable in an observed CMD. The equiv- 
alent red and blue extrema are also easily identified in 
theoretical isochrones. Thus, the HcB populations pro- 
vide an excellent opportunity to test the predictions of 
theoretical isochrones on an individual stage of stellar 
evolution. In addition, the ratio of BHeB stars to RHeB 
stars, or B/R ratio, is now measurable for resolved stellar 
populations. The B/R ratio is dependent on convection, 
mass-loss, and stellar rotation, and thus also provides im- 
portant diagnostics for stellar ev olutionary models (e.g., 
Dohm-Palmcr & Skillman 2002, and references therein). 

To illustrate the importance of HeB stars for constrain- 
ing stellar evolution, one can consider the historical de- 
velopment of stellar models with an initial mass between 
~ 2 — 15 M . For these stars, it was originally as- 
sumed that the sole opacity source was electron scatter- 
ing, which was later revised to in c lude bound-fre e absorp- 
tion (|H^aihr¥Timeroi[l96l [Stotheri EUl) . Other 
studies assumed the unstable part of the stellar enve- 
lope of massive stars was fully convective ([Ibenl I1966T) 
instead of semi-convective. Both the opacity assump- 
tion and convection assumption predicted that massive 
stars (M > 15 M ) would evolve off the MS directly into 
blue supergiants or BHeB stars. Red supergiants were 
thought to have a different origin and were explained as 
a late r phase of evolution of stars with carbon-burning 
cores ( Havashi et al.|[l962l ). 

The subsequent addition of bound-free absorption and 
sem i-convective envelopes in the stellar evolution mod- 
els (jStothers fc Chid Il968f) changed our understanding 
of the evolutionary paths of the massive stars; i.e., they 
correctly predicted that both blue and red supergiants are 
core HeB stars, and that MS stars evolve first into RHeB 
stars and then into BHeB stars. With the blue and red 
supergiants both identified as core HeB stars, the RHeB 
stars were predicted to traverse the CMD as they evolve 
into BHeB stars when the mass fraction of hydrogen shell 
burning increased and the efficacy of cooling by bound- 
free absorption was reduced. Revisions of the triple— a 
nuclear reaction rate induced the for mation of a blue loo p 
for all but the most massive stars (| Austin et al.lll97ll ). 
Further, the blue loop was lengthened due to changes 
in the cr oss-section of the 12 C(o;,7) 16 nuclear reaction 
(see §6.3 iGallart et al.ll2005l and references therein). 

The predicted ratio of the blue to red (B /R) HeB stars 
(i.e., predictions of the evolutionary time spent in each 
core HeB phase) was found to depend on the prescrip- 
tion f or convection, with the Ledoux criterion (iLedouxl 
[l947t ISakashita et"aII[T959t IStothers fc Chin1ll975L and 
references therein) better reproducing the general trends 
in the distribution of bl ue and red supergiants than the 
Schwarzschild criterion (jStothers fc Chinlll97fil and ref- 
erences therein). The inclusion of downward convec- 
tive envelope overshooting more consistently predicted 
the occurrence of blue loop stars (jStothers fc Chinlll991l) 
favoring these models over those including convective 
core overshooting, which under-predicted the blue colors 
of the BHeB stars (jBertelli et al. 1985; Stoth ers~fc Chin! 



[1991 or over-predi cted the luminosity of the BHeB stars 
( Alongi et al.lll993l and references therein). 

In spite of these successes, discrepancies in the models 
of the HeB stars remained. Further study of RHeB stars 
revealed that the stellar evolution models that correctly 
predicted the number of red supergiants at low metallic- 
ities over-predicted the corresponding number of RHeB 
stars in solar metallici ty systems and vice- versa (e.g., 
lLanger fc Maede"rH l995, and references therein). In re- 
sponse, stellar rotation was added to the models, increas- 
ing internal mixing and causing a larger He-core. The 
smaller associated intermediate convective zones permit- 
ted the stellar radius of rotating stars to inflate during 
the He-burning phase, f avoring the evolution of s tars to- 
wards red supergiants (Ma eder fc Mevnetl I2001D . This 
increased the number of RHeB stars, thus producing 
B/R ratios more consistent with low metallicity obser- 
vations. However, accurately measuring the B/R ratio 
from ground based observations of this era was difficult 
as the lower photometric accuracy blended the MS and 
BHeB stars into the "blue plume" of an optical CMD. 

Using observations from the Hubble Space Tele- 
scope (HST) archive, we exp and on the work by 
IDohm-Palmer fc Skillman (2002) for Sextans A and mea- 
sure the luminosity, color, and ratios of the optically re- 
solved BHeB and RHeB stellar sequences in the CMDs 
of nineteen starburst dwarf galaxies. Starburst galaxies 
were selected as they are known to contain significant 
populations of HeB due to their recent and/or ongoing 
star formation. The reduction in uncertainty due to the 
large number of HeB stars is somewhat offset by the as- 
sociated increase in uncertainty due to the higher crowd- 
ing and differe ntial extinction typic al in regions of high 
star formation (Boquicn et al. 2009j). The galaxy sample 
spans a range of chemical composition from Z = 0.0007 
to 0.0093 allowing us to test isochrones of metallicities 
up to ~ 0.5 Zq. We compare the measured sequences 
and the B/R ratios to those derived from Padova stel- 
lar evolution isochrones. The Padova isochrones were 
selected for comparison because they are currently the 
only isochrones with sufficient metallicity and high mass 
star coverage, and, conveniently, the isochrones are cali- 
brated to the HST filters used for the observations. 

In 521 we present the theoretical isochrones and de- 
scribe how the predicted BHeB and RHeB sequences 
were identified. In fj3j we describe the galaxy sample and 
how the sequences were identified from the observational 
data. In |j4] we compare the theoretical and empirical 
results. We present a discussion of the impact of these 
results in SJ5] and our conclusions in 5J5] 

2. MEASURING THE BHEB AND RHEB SEQUENCES OF 
PADOVA ISOCHRONES 

The predicted luminosity, color, and ratio of HcB 
stars of different ages (i.e., masses) can be discerned 
from theoret ical isochrone s . W e use the theoretical 
isochrones of iGirardi et al.l (j2000f ) for stars with masses 
< 7 Mq with improved treatment of the asymptotic g i- 
ant branch (AGB) stars added bv iMarigo et all (|2008h . 
At higher ma s ses (M >7 M Q ), we use the isochrones of 
iBertelli et al.l (|1994f) . Collectively, this set of isochrones 
is known as the Padova stellar evolution isochrones. The 
Padova isochrones (hereafter "isochrones" ) were selected 
for comparison with observations because they met three 
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criteria. First, the isochrones are available for the range 
in metallicities of the galaxy sample. Second, the Padova 
stellar evolution models include high mass stars that 
populate the blue and red HeB sequences. Third, the 
isochrones provide predicted magnitudes calibrated to 
the HST filters and are thus directly comparable to the 
observational data used in this study. The basic out- 
puts of the stellar evolution models are surface luminos- 
ity and effective temperatures (T e ff) of stars. To al- 
low comparison with observed photometric data, these 
quantities are converted to magnitudes and color for var- 
ious bandpasses using bolometric corrections and T e ff- 
color relations from stellar atmosphe re models, namely 
the A TLAS9 stellar spectra library (|Castelli fc Kuruca 
l2003f) . For a complete description of t he st ellar atmo- 
sphere libraries used, see iGirardi et al.l (|2008| ) and refer- 
ences therein. We chose not to compa re the data to the 
BaSTI models (jPietrinferni et aLll2004| ) as the isochrones 
do not cover include the higher mass HeB stars. Simi- 
larly, we chose not to use the updated Geneva models 
(e.g., iMevnet fc Maederl I1997D as the isochrones cover 
only metallicities of Z = 0.00001,0.004, or solar abun- 
dance. 

Isochrones of seven different chemical compositions 
were selected with Z ranging from 0.001 — 0.019. The six 
lowest metallicity isochrones approximately match the 
metallicities of our galaxy sample as listed in Table [TJ 
The highest metallicity is equivalent to solar abundance, 
and is included for comparison purposes. We generate 
these seven sets of isochrones for three different permu- 
tations of HST instruments and filters, listed in Table 
While our data were not obtained with the bluer HST 
filter F475W, we include predictions for the F475W and 
F814W combination for comparison purposes and future 
reference. We chose not to use circumste llar dust models 
(jBressan et al.lll99l lG rocncwegc nl l200l which incorpo- 
rate mass loss to asymptotic giant branch (AGB) and 
post-AGB stars as the dust models impact the signatures 
of AGB stars and not HeB stars. 

In Figure [TJ we present an example of the theoretical 
isochrones used in our analysis. The isochrones for a 
single metallicity of 0.003 are plotted for one set of V- 
and I-band filters, for stellar ages from log t = 7.0 — 
9.0 at increments of log St= 0.15. Each line traces the 
CMD location of stars of the same age but with different 
masses, thus showing the position of main sequence (MS) 
stars, red and blue HeB stars, and their evolution off 
the CMD at the end of the life cycle. We do not show 
isochrones for ages greater than 1 Gyr, i.e., for lower 
mass stars (< 2 M Q ) that would evolve onto the red 
giant branch (RGB) without becoming HeB stars. Note 
that the BHeB stars have values of My ~ 2 mag brighter 
than MS stars of equal mass. 

HeB stars will be found at colors and magnitudes which 
approximately correspond to the red and blue extrema 
of the isochrones, corresponding to the beginning of the 
core HeB stars and the maximum temperature of the 
BHeB phase. As HeB stars spend more time near these 
extrema than at intermediate colors and magnitudes, the 
HeB stars create two loci of points or "sequences" in the 
CMD (see ^3.11 Figure 151 for example). However, when 
weighted by the duration the stars spend in the HeB 
phases, these sequences do not necessarily correspond ex- 
actly to the extrema. It is the luminosity and color of the 
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Fig. 1. — 0.003 isochrones for stars with ages between log t= 
7.0 to 9.0 at increments of log S t = 0.15 for the F606W and 
F14W filters. Three evolutionary sequences are identified in the 
figure: the main sequence of stars, the red extrema of the HeB 
stars occurring after the stars leave the main sequence, and finally 
the blue extrema of the HeB stars reached after the RHcB stars 
traverse back toward bluer colors in the CMD. The isochrones are 
cut-off after the BHeB stage of evolution to avoid confusion in the 
plot. 

actual blue and red HeB sequences (i.e., not the extrema 
of the isochrones) that correspond to the sequences in 
an observed CMD and thus of interest here. Thus, to 
determine the exact location of the sequences, we gen- 
erated synthetic CMDs using seven different metallic- 
ity isochrones, assuming a Salpeter initial mass function 
(jSalpeterl [19551 for two different V and I filter combina- 
tions. An example synthetic CMD is shown in Figure [5] 
for the isochrone Z = 0.003 and the F606W and F814W 
filter combination. 

To determine the locations of these sequences in the 
CMDs, we binned the stars in the synthetic CMD in 
color over nine one-magnitude wide luminosity intervals. 
We present an example histogram of a one-magnitude 
slice in Figure [31 The three peaks in each histogram cor- 
respond to the MS stars, the BHeB stars, and the RHeB 
stars. The theoretical BHeB sequence was determined by 
the colors of BHeB distribution peaks at each of the nine 
one-magnitude intervals in luminosity. The RHeB se- 
quence was determined using the same method, but over 
a smaller magnitude range as RHeB stars do not reach 
the same high luminosities as the BHeB stars at opti- 
cal wavelengths. We plot these sequences as solid lines 
on the synthetic CMD in Figure [2] and compare them to 
the location of the blue and red extrema shown as the 
dashed lines. As expected, the histogram-determined se- 
quences lay on the centers of the blue and red HeB stellar 
distributions, slightly offset from the extrema. 

In Figure [31 we present the theoretical predictions for 
the blue and red HeB sequences for seven metallicities 
and different optical filter combinations. The top pan- 



4 



McQuinn, Skillman et al. 




1600 



0.5 1 

F606W - F814W (mag) 

Fig. 2. — A synthetic CMD generated for a metallicity of Z = 
0.003. The model assumes increasing SFRs at recent times to fully 
populated the CMD with higher luminosity, higher mass stars. The 
two dashed lines represent the blue and red extrema of the HeB 
tracks in the isochrones. The blue and red HeB stars spend most 
of their time approaching the extrema, thus the HeB stars in the 
synthetic CMD lie near the isochrone predicted sequences but with 
some distribution in color. We determine the luminosity and color 
of the HeB sequences from the synthetic CMDs, given that the 
observed HeB sequences will 'pile-up' in a similar fashion as they 
approach the extreme colors of the blue loop. The adopted se- 
quences are shown as solid lines. 

els show the blue (left) and red (right) HeB track for the 
F606W and F814 W filters for the HS T Advanced Camera 
for Surveys (ACS: lFOTd~et~aT1 Il998| ) . The colored lines 
represent different metallicities. The lowest metallicity 
(Z = 0.001; blue line) has the overall bluest colors for 
both the blue and red HeB sequences. The highest metal- 
licity (Z = 0.019 or solar abundance; black line) has 
the reddest colors for the blue and red HeB sequences. 
The middle panels of Figure [4] show the HeB tracks for 
F555W and F814W filters for the HST Wide Fie ld Plan- 
etary Camera 2 (WFPC2; iHoltzman et"aT1ll995[ ) instru- 
ment. The HeB sequence generated from isochrones for 
the ACS F555W and F814W filters were equivalent to 
those generated for the equivalent WFPC2 filters. We 
therefore use the isochrone set from the WFPC2 filters 
for comparison with observations from both instruments 
and refer to the isochrone set by filter, not by instrument. 
The bottom panels of Figure 2] show the HeB tracks gen- 
erated for F475W and F814W filters for the HST ACS 
instrument. The isochrones using this longer color base- 
line cover a larger range in color in the CMDs. 

3. MEASURING THE BHEB AND RHEB SEQUENCES IN 
THE OBSERVED CMDS 

3.1. The Galaxy Sample and Their Optically Resolved 
Stellar Populations 

The galaxy sample was comprised of nineteen, 
nearby starburst dwarf galaxies, previously studied by 
iMcQuinn et al.l (|2010bl . and references therein). All of 
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Fig. 3. — An example histogram of stars from the synthetic CMD 
in Figure |21 between the luminosity range = 5.25 <My < —4.50. 
The first peak in the histogram is populated by MS stars, the 
second peak by BHeB stars, and the final peak by RHeB stars. 
The color separation between the difference sequences is evident in 
the figure allowing the luminosity and color of the HeB sequences 
to be unambiguously identified. We chose the peak of the blue and 
red HeB histogram peaks to define the sequences. 
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Fig. 4. — Theoretical BHeB and RHeB sequences for three filter 
combinations. The colors represent different isochrone metallicities 
matching the colors and metallicity range of the observed galaxy 
sample shown in Figure [8] Color key: blue is Z = 0.001, cyan 
is Z = 0.002, green is Z = 0.003, yellow is Z = 0.005, magenta 
is Z = 0.006, red is Z = 0.009, black is Z = 0.019. The black 
sequence represents solar abundances and is added for comparison 
purposes. Note that the small shifts in the V filter between F606W, 
F555W, and F475W, causes a measurable shift in the colors of the 
sequences. 
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the galaxies have high quality HST multi-color optical 
imaging taken with either ACS or WFPC 2, previously re- 
duced a nd photometered as described in McQuin n et al.l 
(2010a. b). This sample forms an ideal set for identifying 
HeB sequences as the recent rates of star formation are 
sufficiently high such that the blue and red HeB branches 
of the observed CMD are well-populated. While there is 
some associated increase in uncertainty in a starburst 
galaxy sample due to the higher crowding typical in re- 
gions of high star formation, most of our sample is com- 
prised of low metallicity dwarf galaxies that have rela- 
tively small amounts of differential extinction. Thus, our 
choice in galaxies reduces, although does not eliminate, 
the effects of differential extinction and the potential for 
blending of MS and BHeB stars in a CMD, in spite of 
our sample's high recent star formation rates (SFRs) and 
high gas content. 

Individual metallicities for the sample are listed in Ta- 
ble [TJ The metallicities are derived either from H n re- 
gion abundances taken from the literature or from es- 
timates derived from t he luminosity-metallic it y relation 
dZaritskv et al.l Il994t iTremonti et all 120041 : iLee et al.l 
2006), as noted. The present-day metallicities are likely 
to match those of the HeB populations, given that no 
significant chemical evolution is expected or observed 
over the last ~ 250 Myr. Studies of the oxygen abun- 
dances in H II regions show the gas is well mixed in 
dwarf galaxies on short timescales (iSkillman et a,l1l!989t 
iKobulnickv fc Skillmanlll997bHLee et al.ll2006| )."thus any 
variations in metallicity in the young stellar populations 
within an individual galaxy should be negligible. 

3.2. Correcting the Observations for Reddening 

The Galactic foreground and internal extinction in the 
V filter was estimated through fitt ing the observed CMD 
to syn thetic CMDs as described in lMcQuinn et all (|2009L 
l2010a[) . Briefly, we reconstructed the SFHs by finding 
the best fit synthetic CMD to an observed CMD al- 
lowing the distance and the average uniform foreground 
extinction to be included as parameters. A differential 
extinction parameter was added in cases where the ob- 
served CMD showed signs of internal extinction, typically 
manifested as broadening of the MS beyond what is ex- 
pected from photometric uncertainties. We list our total 
estimated extinction, including both foreground and in- 
ternal extinction values, in Table Q] and compare them 
with the foreground ex t inctio n estimates from the dust 
maps of ISchlegel et al.l (|1998| ). In sixteen cases, our es- 
timate s are within 0.1 mag of those from ISchlegel et ahl 
(1998). In three cases, our esti mates of the to t al ex - 
tinction are greater than those of ISchlegel et al.l ([1998D 
by 0.19 — 0.32 mag, indicating the presence of internal 
extinction. Including estimates of internal extinction op- 
timizes the chance for the models to fit the data, thus any 
significant discrepancies between the models and data in 
these three systems is more likely attributable to model 
parameters. 

The extinction for the F814W filter was determined by 
extrapolating our esti mated Ay val ues using the York 
Extinction Solver tool (lMcCallli2004D w hich applied the 
reddening law of iCardelli et al.l ( 19891) with R= 3.1. 
These Afsiaw values are also listed in Table Q] We 
adopt our estimated constant values for de-reddening and 
account for the extinction by subtracting our estimated 
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Fig. 5. — Optical CMDs of a galaxy reaching a photometric depth 
representative of the sample (top panel; ES0154— 023), and of a 
galaxy reaching one of the deepest photometric depths of the sam- 
ple (bottom panel; NGC 2366). The dashed lighter lines denote the 
blue and red HeB sequences selecting by eye on the CMD. The solid 
darker lines are the same HeB sequences selected using histogram 
plots of stars in one-magnitude intervals as shown in Figure|6] The 
blue and red HeB sequences selected with the two methods are in 
good agreement with each other. 

Ay values from the stellar photometry and our estimated 
Ay — Apsuw values from the measured V — I stellar col- 
ors. The extinction reported in Tabled] does not account 
for the potential presence of differential extinction that 
may be located around the youngest stars; we consider 
the effects on the observed blue and red HeB sequences 
of such potentially non-uniform extinction in i j4.ll and 

El 

3.3. Isolating the HeB Populations 

The BHeB stars populate a region of the optical CMD 
approximately parallel in magnitude to the MS stars. 
As long as the photometry are of high quality, the pho- 
tometric errors at the brighter magnitudes of the HeB 
stars are smaller than the inherent separation in color 
between the two populations and the two distinct pop- 
ulations are easily separated in color-magnitude space. 
There is some contamination of the BHeB sequence as 
stars leaving the MS and evolving into RHeB stars pass 
through this loci of points. However, these stars spend 
very little time making the transition and are conserva- 
tively es timated to produce a contamina tion of less than 
~ 10% (|Dohm-Palmer fc Skillmanl 120021 ) . Likewise, the 
RHeB stars form a sequence that lies blue-ward of the 
RGB. 

We take two approaches to selecting the loci of both the 
BHeB and the RHeB stars in the observational CMDs to 
ensure the most robust selection of HeB stars with the 
smallest contamination from MS or RGB stars. Here, we 
describe the two methods for selecting the BHeB stars in 
the CMDs; these same methods are applied in selecting 
the RHeB stars. First, the center of the BHeB stellar dis- 
tribution is marked in the CMD, shown as a dashed line 
in the CMDs of Figure [5] for two galaxies in our sample. 
The over-density of stars along these lines are apparent 
by eye. The spread in color of the BHeB populations 
is due to photometric uncertainties, differential extinc- 
tion, and the longer periods of time BHeB spend near 
the blue extrema in their evolution. Note that systems 
with significant amounts of differential extinction blend 
the MS stars with BHeB stars. In contrast, the galaxies 
in our sample all show this over-density of BHeB clearly 
separable from the MS in their CMDs, making selection 
of the BHeB stars viable. 

Our second approach to isolating BHeB and RHeB 
stars follows the same methodology used to isolate the 
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Fig. 6. — Example histograms of the stars in ES0154— 023 (top) 
and NGC 2366 (bottom) in a magnitude slice of the CMDs shown 
in Figure[5]to be compared with theoretical histograms in Figurc[3] 
The three peaks in the histograms correspond to the MS, BHeB, 
and RHeB populations. The color separation between the differ- 
ence sequences is evident in the figure allowing the luminosity and 
color of the HeB sequences to be unambiguously identified. We 
chose the peak of the blue and red HeB histogram peaks to define 
the sequences. 

BHeB in the synthetic CMDs (see $2]). We generate his- 
tograms of color for all stars in the MS, BHeB, and RHeB 
regions in magnitude intervals varying from 0.5 mag to 
1.0 mag, depending on the photometric uncertainties and 
SFH of each galaxy. Six magnitude intervals were used 
for the data instead of the nine used for the synthetic 
CMDs, as the location of the observed HeB sequences 
are measurable over a smaller range in luminosity than 
the synthetic HeB sequences. We present two example 
histograms in Figure |5] for data of shallower photometric 
depth (top panel; ESO 154—023) and for data of deeper 
photometric depth (bottom panel; NGC 2366). The his- 
tograms show the number of stars at each V — I color 
in a sample magnitude interval. In each panel, there are 
three peaks corresponding to the MS, BHeB, and RHeB 
stars. 

We compared the colors and luminosities of the BHeB 
and the RHeB sequences that were defined by our two dif- 
ferent methods. The sequences identified from the color 
histogram are plotted as solid lines in Figure [5j and the 
sequences identified by eye are drawn as dotted lines. 
The sequences are in good agreement with each other. 
For the remainder of the paper, we adopt the sequences 
selected with the aid of stellar histograms and interpo- 
lated using a quadratic function to generate our empirical 
sequences. 

The measurement of the HeB sequences can be made 
down to a lower luminosity limit where the sequences 
begin to blend with other features in an optical CMD. 
This lower luminosity limit depends on both the under- 
lying structure in the CMD and the photometric errors. 



Specifically, the BHeB stars begin to merge with the red 
clump stars at fainter magnitudes while the RHeB stars 
blend with RGB stars. For example, for ESO 154-023 
and NGC 2366 (Figure [5]) the BHeB stars begin to merge 
into the red clump at ~ My ~ —3, V — I ~ 0.3, and 
My ~ —2, V — I ~ 0.4, respectively. Similarly, the 
RHeB begin to merge with the RGB stars at My ~ —4, 

V - I ~ 0.8 and My 3.8, V - I ~ 1 respectively in 

the same galaxies. Since the position of the RGB stars, 
HeB stars, an d the red c lump depends on the metallicity 
and the SFH (Cole 1998), the lowest luminosity at which 
one can select HeBs from a CMD must be determined on 
a case-by-case basis. 

We use synthetic stellar populations to determine the 
luminosity and color for unambiguously separating HeB 
stars from other stars in each galaxy. W e generated syn- 
thetic C MDs using the SFHs derived in [McQuinn et al.1 
(|2010bl and references therein), assumed a Salpeter IMF, 
and applied artificial star tests to mimic the uncertain- 
ties and completeness in the observed CMDs. Thus, the 
synthetic CMDs are close replicas of the observed CMDs, 
with the advantage that each star has a known age. We 
selected by eye the stars in the BHeB region, extending 
to depths expected to contain red clump stars, and stars 
in the RHeB region, extending to depths expected to con- 
tain RGB stars. The age distribution of these stars as 
a function of magnitude reveals the magnitude at which 
the young HeB stars become mixed with other stars. We 
define the lower luminosity limit for selecting HeB stars 
in each galaxy by the luminosity at which the young HeB 
stars become contaminated by ~ 5% of MS or RGB stars. 

For illustrative purposes, in Figure[7J we present exam- 
ples of the age distribution as a function of magnitude of 
candidate HeB stars for a lower metallicity galaxy (left 
panels: Z ~ 0.002, UGC 9128) and for a higher metal- 
licity galaxy (right panels: Z ~ 0.008, NGC 4449). The 
synthetic CMDs generated for this demonstration have 
SFRs that increase at recent times to ensure all time bins 
are well-populated. From Figure [71 there is a one-to-one 
correspondence of age with magnitude at brighter lumi- 
nosities, but once the HeB populations become mixed 
with older stars, the age distribution spreads dramati- 
cally. From the top panels in Figure [7J the BHeB stars 
blend with the older red clump populations at ~ 400 
Myr and ~ 300 Myr for the lower and higher metallic- 
ity systems respectively. Note that the brighter lumi- 
nosities of lower metallicity stars means the HeB stars 
can be traced farther back in time at lower metallici- 
ties. At fainter magnitudes, the photometric uncertain- 
ties are higher, thus the BHeB region analyzed also con- 
tains some younger MS stars, as indicated in the figure. 
From the bottom panels of Figure [7j the RHeB stars 
blend with the older RGB population at < 300 Myr and 
< 175 Myr for the lower and higher metallicity systems. 
Comparing the age limits of the blue and red HeB stars 
for these two galaxies, Figure [7] illustrates the more lim- 
ited time interval probed when using RHeB stars as trac- 
ers of a galaxy's SFH compared with BHeB stars. At the 
faintest magnitudes analyzed, a few stars transitioning 
from the MS to RHeB stars are identified. 

Note that the structure of the CMD changes at solar 
metallicities. At this metallicity, the RHeB stars are well- 
separated from the RGB stars at lower luminosities than 
in low metallicity systems, but begin to merge with BHeB 
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Fig. 7. — Examples of the age distribution of stars in the blue 
and red HeB regions of an optical CMD. In the top two panels, the 
synthetic CMD of a lower and higher metallicity galaxy are shown 
(UGC 9128, Z ~ 0.002 and NGC 4449, Z ~ 0.009). For illustrative 
purposes, we increased the SFRs at recent times to generate this 
CMD to ensure all luminosities are well-populated in the CMD. 
Outlined are the regions where the blue and red HeB stars are lie. 
Note there are more stars in the UGC 9128 simulated data as the 
SFRs used to simulate this galaxy were higher. In the middle two 
panels, the age distribution as a function of luminosity is shown for 
the stars selected in the BHeB region of each CMD. The bottom 
two panels show the distribution for the stars selected in the RHeB 
region. The vertical and horizontal lines in the middle and lower 
panels mark the limits in magnitudes and ages that the HeB stars 
can be uniquely separated in these CMDs with a contamination 
of order 5% from non-HeB stars. Comparing the two systems, 
the BHeB can be separated for longer times at lower metallicity 
and for longer times than the RHeB stars at all metallicities. The 
RHeB stars becomes difficult to separate at younger ages in higher 
metallicity systems reducing their usefulness in tracing the recent 
SFHs in these systems. 
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Fig. 8. — Empirical BHeB and RHeB sequences for two filter 
combinations. The colors represent the different metallicities of the 
galaxies accorinding to the following key: blue is Z = 0.001, cyan 
is Z = 0.002, green is Z = 0.003, yellow is Z = 0.005, magenta 
is Z = 0.006, red is Z = 0.009. The colored lines were dashed 
with black for galaxies lacking H II region abundances and whose 
metallicity was estimated from the SFHs. These sequences can 
be directly compared with the theoretically predicted sequences 
shown in Figure [4] 

stars after ~ 100 Myr, as the "blue loop" is shortened to 
< 0.2 mag in color. The merged HeB populations have 
a range in age of < 100 Myr, thus the combined blue 
and red HeB stars can be used jointly to trace SF over 
timescales of order a few 100 Myr. 

3.4. The Empirically- Determined BHeB and RHeB 
Sequences 

The empirically determined red and blue HeB se- 
quences are plotted in Figure [8] for the galaxy sam- 
ple. In the top and bottom panels, we present the se- 
quences for the galaxies observed with the F555W and 
F814W filters and the F606W and F814W filters respec- 
tively. The sequences are color-coded by present-day 
metallicity values, with blue being the most metal poor 
(0.0005 < Z < 0.0015), red being the most metal rich 
(0.0080 < Z < 0.0095), and the other colors spanning the 
intermediate metallicities. The colors of the lines match 
those used for the theoretical sequences in Figure LH For 
metallicities derived from H n region abundances, the 
lines in Figure [8] are drawn as solid colors; for metallici- 
ties derived from the luminosity-metallicity relation, the 
lines are dashed with black. 

4. COMPARING THE EMPIRICAL AND THEORETICAL 
HEB RESULTS 

The empirically determined blue and red HeB se- 
quences in Figure [8] provide a general assessment of the 
location of the HeB stars for a given metallicity and fil- 
ter combination and can be directly compared with the 
theoretically predicted HeB sequences in Figure [U For 
easier comparison, we selected the sequences from one 
filter combination, F555W and F814W, and plot both 
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Fig. 9. — The empirical BHeB sequences measured for the F555W 
and F814W filter observations from Figure \E\ plotted over the pre- 
dicted sequences from Figure [4] The colors represents the metal- 
licity of the galaxies sample as detailed in the figure legend. The 
predicted sequences are drawn in gray but span the same mctallic- 
ity as the data. There is general agreement between the measured 
and predicted BHeB sequences. Differences exist with the theory 
predicted bluer (i.e., hotter) colors at brighter magnitudes than 
measured; the redder colors measured is likely due to extinction 
still present around these youngest BHeB stars. 

the empirical and theoretical BHeB sequences together 
in Figure [9] Comparable RHeB sequences are plotted in 
Figure [TUl We discuss each sequence separately followed 
by a comparison of the ratios of the number of stars in 
each sequence. 

4.1. Comparing BHeB Sequences 

Figure |9] shows that the empirically determined and 
theoretically predicted BHeB optical luminosities and 
colors agree in two important characteristics. First, both 
sets of HeB sequences overlap in the CMDs and follow 
comparable trends between color and luminosities along 
an individual sequence (i.e., bluer colors at higher lumi- 
nosities and redder colors at lower luminosities). Second, 
higher metallicity stars follow redder sequences in both 
the observed and synthetic CMDs. 

There are also two main differences between the mea- 
sured and predicted BHeB sequences. First, at lower 
luminosities (My > —4 mag) the slope of the observed 
sequences (i.e., A V/A(V— I)) is steeper than the slope of 
the predicted sequences, indicating that the lower mass 
BHeB are observed to be bluer than predicted. Although 
the photometric uncertainties are largest at these fainter 
magnitudes, they are uniformly distributed in color and 
would not bias the measurement of the empirical se- 
quences towards bluer colors. This difference cannot be 
explained by photometric uncertainties or by extinction 
since the empirical sequences would be redder in color 
than observed. 

Second, we note an offset in color between the empiri- 



cal and theoretical sequences at intermediate and higher 
luminosities (My < —4 mag). While both sets of se- 
quences converge to a narrow range in color at high 
luminosities, the predicted sequences converge around 
F606W— F814W ~ —0.10 while the empirical sequences 
converge to redder colors of F606W— F814W ~ 0.05, an 
offset in color of ~ 0.15 mag. At these higher lumi- 
nosities, the BHeB population is made up of very young 
(t< 50 Myr), massive (M> 7 M Q ) stars. The redder 
colors of the empirically derived sequences may be at- 
tributable to dust co-located with these massive stars. 
To test this possibility, we added varying amounts of ex- 
tinction to a set of synthetic CMDs and re-measured the 
location of the predicted BHeB sequences. The addition 
of Ay ^0.5 mag of extinction applied to the young stel- 
lar population brighter than My ~ 4 mag shifts the pre- 
dicted sequences to redder colors, closely matching the 
empirical sequences. This amount of extinction is con- 
sistent with the estimated reddenin g found around OB 
stars in the Large Magellenic Cloud ( Harris et al.lll997f) . 
Thus, while we cannot rule out the possibility that the 
predicted colors reflect a discrepancy in the models, the 
observed redder colors of the brightest BHeB stars may 
be attributable to extinction. However, the addition of 
extinction would make the discrepancy worse for lower 
mass BHeB stars (< 7 M Q ), if the dusty environment 
persists for longer timescales (50 — 100 Myr). 

4.2. Comparing RHeB Sequences 

Like the BHeB sequences, the observed and theoreti- 
cal RHeB sequences are in general agreement (FigurcHU)). 
The empirical and theoretical RHeB sequences both show 
a trend of higher metallicity sequences having redder col- 
ors. 

However, there are greater differences between the 
measured and predicted RHeB sequences than the BHeB 
sequences (see H4.ip . First, the empirical RHeB se- 
quences are redder, by as much as ~ 0.5 mag, than the 
theoretical sequences at higher luminosities (My < —4 
mag), for an equivalent metallicity. Unlike the 0.15 mag 
color offset in the BHeB sequences at bright magnitudes, 
this color difference cannot be fully attributable to dif- 
ferential extinction associated with young massive stars. 
Over three times the amount of extinction needed to ex- 
plain the discrepancy in the BHeB sequences would be 
needed to account for the color shift in the RHeB se- 
quences in spite of the stars being comparable masses 
and ages. Thus, unlike the difference between the ob- 
served and predicted color of the brightest BHeB stars, 
the bluer predicted colors of the brightest RHeB stars 
cannot be solely due to extinction. 

Second, as seen in Figure fTOl the slopes of the empiri- 
cal sequences fall in a tight range (AF555W/A(F555W- 
F814W) is between —3.9 and —7.0 with an average value 
of —4.9). In contrast, the slopes of the theoretical se- 
quences are a factor of ~ 3 steeper ranging from —13 to 
—25 with an average of —18. The shallower slope of the 
empirical RHeB populations is thus a notable challenge 
for stellar models. 

4.3. Comparing the Empirical and Theoretical B/R 

Ratios 

We can further test stellar evolution models by mea- 
suring the ratio of the blue to red HeB stars. For the 
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Fig. 10. — The empirical RHcB sequences measured for the 
F555W and F814W filter observations from Figure \E\ plotted over 
the predicted sequences from Figure [4] The colors represents the 
metallicity of the galaxies sample as detailed in the figure leg- 
end. The predicted sequences are drawn in black and span the 
same metallicity as the data. There is general agreement between 
the measured and predicted BHeB sequences. Differences exist 
with the theory predicted bluer colors at brighter magnitudes than 
measured; however, unlike the BHeB stars, this color difference is 
too large to be mostly attributable to extinction around this very 
young population. In addition, the overall slope of the predicted se- 
quences (i.e., AF555W/A(F555W— F814W)) is steeper than mea- 
sured by a factor of 3. 

synthetic CMDs, we select HeB stars within a width of 
±0.1 mag in color around each sequence (see Figure [3]). 
The small range in color is sufficient as the synthetic 
CMDs have no photometric uncertainty or extinction to 
widen the sequences in color. For the observed CMDs, 
the widths of the bins were selected on a case-by-case 
basis to best account for changing photometric uncer- 
tainties and extinction conditions (see Figure [5] as an 
example of the photometric uncertainties as a function 
of magnitude). 

We measured the number of blue and red HeB stars 
as a function of magnitude. Using the stellar evolution 
isochrones, the magnitudes of both HeB phases were cor- 
related with age. We matched the BHeB and RHeB stars 
of equal ages to calculate the ratio of B/R stars. In Ta- 
ble |3l we list the number of blue and red HeB stars as 
a function of luminosity with the corresponding age de- 
termined from theoretical isochrones at the appropriate 
metallicity. In FigureQTJ we present the average B/R ra- 
tios measured per metallicity bin for the observed (solid 
lines) and theoretical CMDs (dashed lines). Although 
the plots extend to 250 Myr, we limit the observed ra- 
tio to ages where contamination from other evolutionary 
phases is less than 5% as described in §3.31 The B/R 
ratios can be measured over the longest time periods at 
low metallicity, for which RHeB stars have brighter lumi- 
nosities and are thus isolated in CMD space longer than 
higher metallicity RHeB stars. The exception to this is 
the Z = 0.005 bin, which includes data from three fields 



in NGC 6822. These data are not only deeper due to the 
galaxy's proximity (such that the photometric uncertain- 
ties remain smaller at fainter magnitudes), but the SFH 
of NGC 6822 is such that the RHeB stars are distinguish- 
able for longer times. In the highest metallicity bin of our 
sample (Z = 0.0087 ± 0.00075 ~ 0.5 Z Q ), the RHeB can 
only be robustly separated for < 100 Myr, providing a 
limited comparison with the predicted B/R ratio. 

The uncertainties on the empirical B/R ratios in Fig- 
ure [TT] include both Poisson errors and photometric un- 
certainties. The photometric uncertainties were calcu- 
lated by measuring the difference between the B /R ratios 
from synthetic CMDs generated using artificial stars and 
from synthetic CMDs generated without applying arti- 
ficial stars. At longer look-back times the uncertainty 
is dominated by the photometric uncertainties, because 
the larger number of fainter stars reduces the Poisson 
error. Note that in cases where the SFRs are rapidly 
changing, the B/R ratio is dependent on the SFH of a 
galaxy. However, given the stability of these ratios with 
time, any effect of the SFH is within our range of un- 
certainties. We tested the effects photometric crowding 
has on the B/R ratios by applying different crowding 
cuts to the photometry as stringent as 0.1 (see [Dolphin 
120001 and the DOLPHOT photometry manual for a ex- 
planation of photometric crowding measurements). The 
B/R ratios were consistent across all crowding cuts, as 
the blue and red HeB stars are affected approximately 
equally by crowding. 

We find that the empirical and predicted B/R ratios 
are consistent, within the uncertainties, for nearly all 
time bins older than 50 Myr. Two sample Kolmogorov- 
Smirnov tests found the predicted and observed distri- 
bution of B/R ratios satisfied the null hypothesis of 
the observed and predicted ratios being drawn from 
the same distribution for each metallicity bin. For the 
youngest HeB stars studied (20 Myr < Age < 50 Myr), 
the predicted ratios are higher than we observe in all 
metallicities bins. A similar r esult was reported by 
IDohm-Palmer fc Skillmanl ()2002[ ) for Sextans A with a 
metallicity of Z = 0.001. These authors find the theoret- 
ical isochrones over-predicted the B/R ratio by a factor 
of ~ 2. 

5. DISCUSSION 

Our result that the predicted HeB sequences and B/R 
ratios agree to first order with the observed sequences 
and B /R ratios confirms the usefulness of applying these 
isochrones to interpret observations of stellar popula- 
tions. The discrepancies we report are likely to have sub- 
tle, second order effects on these interpretations. The re- 
construction of SFHs leverages information from all stel- 
lar populations in a CMD, so that isolating the effects 
of model inadequacies in the HeB stars alone is complex. 
While measuring the impact of these discrepancies on 
SFH recovery is outside the scope of this work, we can 
make some initial speculation^. We discuss the poten- 
tial effects of the four discrepancies in turn. 

First, the discrepancies found between the observed 
and predicted BHeB sequences for My > —4 mag are 

5 We refer the re ader to references listed in JT]for descriptions of 
deriving SFHs and McQuinn et al. (2010a) for an example of this 
application. 
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Fig. 11. — Plotted are the average B/R ratios per metallic- 
ity bin for all galaxies in the sample (solid lines) and the B/R 
ratios per metallicity bin predicted from theoretical isochrones 
(dotted lines). The predicted B/R ratios are in general agree- 
ment with the measured B/R ratios. The most notable differ- 
ence is the over-prediction of the B /R ratios for the youngest stars 
in the lowest metallicity st udied confirming the results found by 
(Dohm-Palmcr & Skillman 2002) for Sextans A, a galaxy of simi- 
lar metallicity. The RHeB stars become difficult to isolate unam- 
biguously from RGB stars at higher metallicities limiting the age 
over which the B/R ratio can be calculated. In Table[3] we list the 
number of blue and red HeB stars counted in each luminosity bins 
and the corresponding isochronal age. 

likely due to factors external to the stellar evolution mod- 
els and thus must be accounted for separately when ap- 
plying isochrones. The youngest HeB stars are often still 
co-located with material from their nascent gas cloud 
whose extinction likely accounts for the redder than pre- 
dicted colors observed for these stars. Derivations of the 
SFHs include additional Ay = 0.5 mag of differential 
extinction to the models for stars younger than 40 Myr 
with a linear ramp-d own of extincti on with age for stars 
between 40-100 Myr (|Dolphinll2002l ). thus fitting the ob- 
served colors of the youngest HeB stars more closely. Sec- 
ond, the bluer color of the lower luminosity BHeB stars 
is likely to have the largest impact of the discrepancies 
on the derived SFRs. Stars in this region of the CMD 
may be mis-identified by the models as MS stars which 
can have a range in age at a given luminosity instead of 
the one-to-one age-luminosity relation of HeB stars. The 
color differences in the RHeB stars are greater for all 
magnitudes studied (i.e., the slopes of the observed and 
predicted HeB sequences as measured by AV/A(V— I) 
do not match) which cannot be entirely due to extinc- 
tion. We expect the effect of this color difference to be of 
small consequence in the derivation of the SFHs as the 
RHeB stars are well-isolated in an optical CMD above 
the RGB stars making confusion of this population with 
a different aged population unlikely. The mis-match in 



the slope of the RHeB sequences degrades the quality 
of the fit between the modeled and the observed stellar 
populations, but will likely have a negligible effect on 
the derived SFRs. Fourth, as the predicted B/R ratio 
for stars younger than ~ 50 Myr is too high, the derived 
SFRs may be underestimated, although this effect is mit- 
igated as the derived SFRs also depend on the generally 
well-populated MS population. 

A number of parameters in the stellar evolution mod- 
els could explain the discrepancies between the predicted 
and observed red and blue HeB sequences and the B/R 
ratios including the amount of internal mixing assumed 
(e.g., the effects of convective overshoot), 12 C(a,7) 16 
reaction rates, and the effects of stellar rotation and mass 
loss. Additionally, the stellar atmosphere models used to 
convert the surface luminosity and T e ff to magnitudes 
and colors may affect the predicted luminosity and color 
of the HeB stars. While the stellar atmosphere mod- 
els sh ow good agreement to obs erved stellar populations 
(e.g., iGirardi et al.l 120021 . 120081 and references therein), 
the atmosphere grids are incomplete for the brightest 
giants at lower metallicities and thus required extrapo- 
lation to reach brighter luminosities. This extrapolation 
could also explain our noted discrepancies, particularly 
the difference between the predicted and observed slopes 
of the RHeB sequences. Until the stellar evolution and 
atmospheric models are adjusted to describe the data 
with a higher degree of accuracy, it is premature to cor- 
rect for these effects in the SFHs, particularly as the 
discrepancies are second order effects. 

6. CONCLUSIONS 

We find general agreement between the observed red 
and blue HeB sequences and the B/R ratio in a sample 
of nineteen, starburst dwarf galaxies and the sequences 
predicted by Padova stellar evolution isochrones. We also 
find four notable differences between the empirical results 
and theoretical predictions. 

• There is a difference in the color of HeB stars at 



brighter luminosities (Mv 



< 



-4 mag), where the 



observed red and blue HeB sequences are redder 
than predicted by theoretical isochrones. We at- 
tribute at least part of the difference to the pres- 
ence of Ay ~ 0.5 mag of extinction in the environs 
of the young HeB stars. However, while this extinc- 
tion can produce the color difference between the 
predicted and observed BHeB sequences, it cannot 
account for the larger color difference between the 
predicted and observed RHeB sequences for HeB 
stars of comparable age. We note that for the 
bluest stars, U-band observations would provide 
the most leverage for comparing observed versus 
predicted effective temperatures. 

• We see evidence that the observed BHeB stars are 
bluer than predicted by theoretical isochrones at 
lower luminosities (My > —4 mag). This difference 
cannot be explained by photometric uncertainties 
or additional extinction. Note that our conclusion 
is tentative as our sample is limited by photometric 
depth at these lower luminosities. 

• The slope of the observed RHeB stars is shallower 
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than predicted by the isochrones by more than a 
factor of 3 across the magnitude range studied. 

• The theoretical isochrones over-predict the B/R 
ratio for the most massive stars at all metal- 
lic ities studied, confirming the fin dings reported 
in lDohm-Palmer fc Skillmanl ()2002( ) for Sextans A 
(Z = 0.001). 

Additionally, the measurement of the lower luminosity 
limit for unambiguously separating RHeB stars in op- 
tical CMDs shows that the RHeB stars are difficult to 
separate from RGB stars in the highest metallicity bin 
of our sample (Z ~ 0.5 Z ) at ages as young as 100 Myr, 
reducing the effectiveness of using RHeB stars as tracers 
of a galaxy's SFH past ~ 100 Myr in higher metallicity 
systems. Further, we note the importance of studying a 



larger sample of galaxies containing substantial blue and 
red HeB populations, low extinction, spanning a range 
of metallicities. Future analysis is warranted comparing 
different stellar evolution models with these results. 
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TABLE 1 

Galaxy Sample Extinction and Metallicity Values 



Galaxy 
(1) 


HST V-band 
filter 
(2) 


A v (mag) 
McQuinn ct al. (2010b) 


Ay (mag) 
Schlcgcl ct al. (1998) 


Asi4 (mag) 
Inferred 
(5) 


Agoo (maj 
Schlcgcl ct al. 




(1998) 


Oxygen 
Abundance 
(7) 


Source 
(8) 


Equivalent 
Isochronc 
(9) 


(3) 


(4) 


(6) 


Antlia Dwarf 


F606W 


0.20±.04 


0.21 


0.15 


0.15 




7.39 


1 


0.001 


UGC 9128 


F606W 


0.20±.04 


0.07 


0.15 


0.05 




7.74 


2 


0.002 


UGC 4483 


F555W 


0.10±.04 


0.11 


0.07 


0.07 




7.50 


3 


0.001 


NGC 4163 


F606W 


0.00±.04 


0.05 


0.00 


0.04 




7.69 


4 


0.002 


UGC 6456 


F555W 


0.05±.04 


0.12 


0.04 


0.07 




7.64 


5 


0.002 


NGC 6789 


F555W 


0.15±.04 


0.23 


0.11 


0.14 




7.77 


1 


0.002 


NGC 4068 


F606W 


0.00±.03 


0.06 


0.00 


0.04 




7.84 


4 


0.003 


DDO 165 


F555W 


0.10±.04 


0.08 


0.07 


0.05 




7.80 


6 


0.002 


IC 4662 


F606W 


0.50±.04 a 


0.19 


0.36 


0.14 




8.17 


7 


0.006 


ESO 154-023 


F606W 


0.10±.04 


0.05 


0.07 


0.03 




8.01 


1 


0.004 


NGC 2366 


F555W 


0.20±.04 a 


0.12 


0.15 


0.07 




8.19 


8 


0.006 


NGC 625 


F555W 


0.00±.04 


0.06 


0.00 


0.03 




8.10 


9 


0.005 


NGC 784 


F606W 


0.10±.04 


0.16 


0.07 


0.12 




8.05 


4 


0.004 


Ho II 


F555W 


0.10±.04 


0.11 


0.07 


0.06 




7.92 


6 


0.003 


NGC 5253 


F555W 


0.20±.04 a 


0.19 


0.15 


0.11 




8.10 


10 


0.005 


NGC 6822 


F555W 


1.05±0.1 a 


0.78 


0.76 


0.46 




8.11 


11 


0.005 


NGC 4214 


F555W 


0.15±.04 


0.07 


0.11 


0.04 




8.38 


12 


0.009 


NGC 1569 


F606W 


1.80±0.1 a 


1.87 


1.31 


1.36 




8.19 


13 


0.006 


NGC 4449 


F555W 


0.25±.04 a 


0.06 


0.18 


0.04 




8.21 


14 


0.008 



R eferences. — (1) [Pie 
(5) ICroxall et~al~l I200sh : 



(2) | 



: ct al. (1997); (3) Skillman ct al. (1994); (4) L-Z relation; Zaritsky ct al. (199 



IKobulnicky 



Note. — Col. (3) Estima 
(5) is the extinction inferre 
McCall (2004). Col. (7) In 
relation as noted in the Cc 



-Gamcz ct al. (2001a); (7) Roy ct al. (1996); (8) Skillman ct al. 12003); (9) Kobulnicky ct al. (1997. 
bulnicky & Skillman (1007b); (13" Skillman ct al. (1989) 



; ITremonti et al.| 
flOl IHidaT^ 



i 2004); Lec ct al. ( 2006); 
: et al.l \ 2001 al l; (11) 



- includes both forcgro 
i I central wavelength c 
■tics, oxygen abundanc< 



nal extinctio 
3d on the Ai, 



i from Col. 



(3), 



i Col. (4) from Schlc 
l reddenin " 



1.(8). All values ; 



We report the highest Ay of total exth 



lar 12+[0/H] 
cd for these g 



re taken from the literature; in ■> galaxies oxygen 
of 8.69 I Asplund et al. 2009). Col. (9) Abundan 



ofC s 



ct al. i 1980) , 



mly foreground extinction. Col 
lculatcd with the formulism by 
rated from the B-band luminosity-mctallicity 
rents from Col. (7) converted to isochronal values. 



rfacc bright n 



these systc 



McQuinn, Skillman et al. 



TABLE 2 

Instrument and Filter Combinations 



HST Instrument V band Filter I band Filter 



ACS WFC F606W F814W 

ACS WFC F555W F814W 

WFPC2 F555W F814W 



Note. — The observations were obtained using 
two HST imaging instruments and span three differ- 
ence instrument-filter combinations. The theorcctical 
isochroncs for the ACS and WFPC2 instruments using 
the same filter bandpasses were indistinguishable from 
one another. Thus, we present only the results from 
each of the two unique filter combinations. Addition- 
ally, although our observations were not obtained with 
the bluer F475W filter, we include the predictions for 
the filter combination of F475W and F814W for com- 
parison. 
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TABLE 3 

Number of Blue and Red HeB stars as a Function of Age and 
Luminosity 



Log 


My 


MF814W 


1NU. DllVD 


lvi y 




inu. xxjneij 


Age 


(mag) 


(mag) 


DLarb 


(mag) 


(mag) 


oxars 


NGC 784, V= 


F606W 










7.4 


-6.20 


-6.18 


36 


-6.24 


-7.27 


60 


7.5 


-6.13 


-6.18 


4 


-5.89 


-6.91 


42 


7.6 


-5.71 


-5.77 


58 


-5.48 


-6.47 


63 


7.7 


-5.13 


-5.12 


168 


-5.10 


-6.05 


123 


7.8 


-4.61 


-4.60 


267 


-4.69 


-5.63 


158 


7.9 


-4.29 


-4.29 


269 


-4.24 


-5.15 


257 


8.0 


-3.89 


-3.91 


483 


-3.86 


-4.73 


400 


8.1 


-3.51 


-3.58 


785 


-3.41 


-4.26 


914 


8.2 


-3.17 


-3.33 


1176 


-2.99 


-3.82 


1795 


IC 4662, V=F606W 










7.4 


-6.24 


-6.25 


35 


-6.29 


-7.35 


56 


7.5 


-6.09 


-6.13 


H 


-5.93 


-6.99 


30 


7.6 


-5.68 


-5.73 


33 


-5.53 


-6.54 


62 


7.7 


-5.19 


-5.21 


80 


-5.06 


-6.04 


84 


7.8 


-4.71 


-4.72 


124 


-4.74 


-5.71 


76 


7.9 


-4.37 


-4.40 


137 


-4.32 


-5.26 


131 


8.0 


-3.95 


-4.01 


259 


-3.84 


-4.74 


260 


8.1 


-3.62 


-3.75 


307 


-3.47 


-4.34 


380 


8.2 


-3.17 


-3.41 


605 


-2.97 


-3.82 


799 


8.3 


-2.69 


-3.05 


828 


-2.79 


-3.63 


372 


8.4 


-2.18 


-2.67 


NaN 


-2.45 


-3.26 


636 


Antlia, V=F606W 










7.4 


-5.65 


-5.58 





-6.50 


-7.29 





7.5 


-5.54 


-5.51 





-6.10 


-6.90 





7.6 


-5.28 


-5.26 





-5.62 


-6.43 





7.7 


-4.99 


-4.98 





-5.11 


-5.94 





7.8 


-4.60 


-4.60 


o 


-4.66 


-5.46 


1 


7.9 


-4.32 


-4.33 


1 


-4.18 


-4.95 





8.0 


-3.93 


-3.96 


1 


-3.75 


-4.50 


3 


8.1 


-3.65 


-3.71 


2 


-3.24 


-3.98 


6 


8.2 


-3.36 


-3.46 


2 


-2.88 


-3.60 


7 


8.3 


-2.93 


-3.07 


10 


-2.51 


-3.23 


11 


8.4 


-2.55 


-2.70 


27 


-2.17 


-2.87 


27 


8.5 


-2.21 


-2.33 


23 


-1.83 


-2.53 


53 


8.6 


-1.78 


-1.99 


29 


-1.53 


-2.22 


32 


8.7 


-1.33 


-1.66 


72 


-1.33 


-2.03 


12 


UGC 


9128, V: 


=F606W 










7.4 


-5.89 


-5.85 





-6.45 


-7.38 





7.5 


-5.76 


-5.75 





-6.01 


-6.93 





7.6 


-5.64 


-5.66 


1 


-5.59 


-6.50 





7.7 


-5.06 


-5.05 


3 


-5.10 


-6.01 


2 


7.8 


-4.60 


-4.60 


H 


-4.71 


-5.59 


13 


7.9 


-4.24 


-4.25 


4 


-4.21 


-5.06 


24 


8.0 


-3.98 


-4.00 


23 


-3.83 


-4.66 


21 


8.1 


-3.60 


-3.65 


56 


-3.57 


-4.39 


20 


8.2 


-3.19 


-3.31 


152 


-3.05 


-3.84 


85 


8.3 


-2.88 


-3.05 


117 


-2.64 


-3.41 


138 


8.4 


-2.44 


-2.73 


160 


-2.28 


-3.04 


99 


8.5 


-2.01 


-2.35 


313 


-1.94 


-2.69 


72 


8.6 


-1.62 


-2.02 


385 


-1.72 


-2.47 


35 


8.7 


-1.20 


-1.67 


464 


-1.45 


-2.22 





NGC 


4163, V: 


=F606W 










7.4 


-5.94 


-5.88 


3 


-6.40 


-7.30 


8 


7.5 


-5.77 


-5.75 


2 


-6.03 


-6.91 


7 


7.6 


-5.57 


-5.58 


2 


-5.60 


-6.48 


8 


7.7 


-5.08 


-5.06 


14 


-5.06 


-5.93 


10 


7.8 


-4.64 


-4.62 


23 


-4.70 


-5.55 


11 


7.9 


-4.33 


-4.33 


18 


-4.28 


-5.11 


33 


8.0 


-3.91 


-3.91 


40 


-3.89 


-4.69 


35 


8.1 


-3.60 


-3.63 


53 


-3.43 


-4.21 


75 


8.2 


-3.18 


-3.26 


44 


-2.99 


-3.76 


53 


8.3 


-2.81 


-2.97 


120 


-2.58 


-3.33 


142 


8.4 


-2.43 


-2.68 


159 


-2.26 


-3.00 


126 


8.5 


-2.04 


-2.33 


355 


-1.99 


-2.71 


224 


NGC 


4068, V: 


=F606W 










7.4 


-6.04 


-5.99 


33 


-6.37 


-7.32 


29 


7.5 


-5.99 


-6.00 


1 


-5.96 


-6.90 
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TABLE 3 — Continued 



IjOg 


1V1 \r 




Nn RHeR 






Nn RHeR 


Age 


(mag) 


(mag) 


Stars 


(mag) 


(mag) 


Stars 


7.6 


-5.75 


-5.78 


15 


-5.51 


-6.44 


25 


7.7 


-5.13 


-5.11 


68 


-5.16 


-6.06 


36 


7.8 


-4.61 


-4.60 


110 


-4.66 


-5.54 


77 


7.9 


-4.21 


-4.21 


195 


-4.23 


-5.09 


136 


8.0 


-3.86 


-3.86 


216 


-3.96 


-4.82 


109 


8.1 


-3.56 


-3.60 


274 


-3.47 


-4.29 


361 


8.2 


-3.14 


-3.26 


442 


-3.08 


-3.89 


490 


8.3 


-2.79 


-2.99 


499 


-2.65 


-3.43 


529 


ESO 154-023, V=F606W 










7.4 


-6.29 


-6.28 


42 


-6.30 


-7.29 


69 


7.5 


-6.10 


-6.13 


18 


-5.99 


-6.97 


33 


7.6 


-5.79 


-5.84 


51 


-5.59 


-6.54 


58 


7.7 


-5.16 


-5.15 


174 


-5.10 


-6.03 


125 


7.8 


-4.65 


-4.64 


304 


-4.71 


-5.61 


148 


7.9 


-4.29 


-4.28 


317 


-4.26 


-5.13 


286 


8.0 


-3.86 


-3.86 


641 


-3.87 


-4.72 


402 


8.1 


-3.53 


-3.56 


631 


-3.51 


-4.36 


611 


8.2 


-3.10 


-3.19 


1089 


-3.10 


-3.91 


1233 


8.3 


-2.77 


-2.98 


NaN 


-2.80 


-3.60 


1142 


NGC 


1569, V: 


=F606W 










7.4 


-6.04 


-6.16 


660 


-6.26 


-7.42 


819 


7.5 


-5.95 


-6.12 


65 


-5.79 


-6.94 


385 


7.6 


-5.54 


-5.71 


384 


-5.42 


-6.53 


369 


7.7 


-5.02 


-5.17 


752 


-5.08 


-6.16 


382 


7.8 


-4.52 


-4.67 


1058 


-4.65 


-5.69 


741 


7.9 


-4.27 


-4.45 


604 


-4.20 


-5.23 


1189 


8.0 


-3.86 


-4.06 


961 


-3.82 


-4.84 


1323 


UGC 


4483, V= 


=F555W 










7.4 


-5.64 


-5.54 


5 


-6.15 


-7.25 


1 


7.5 


-5.54 


-5.50 


1 


-5.71 


-6.81 





7.6 


-5.33 


-5.30 


3 


-5.25 


-6.35 


1 


7.7 


-4.96 


-4.94 


4 


-4.80 


-5.90 


3 


7.8 


-4.60 


-4.59 


10 


-4.29 


-5.37 


2 


7.9 


-4.26 


-4.27 


11 


-3.84 


-4.88 


10 


8.0 


-3.95 


-3.97 


14 


-3.45 


-4.48 


19 


8.1 


-3.61 


-3.67 


26 


-3.05 


-4.05 


15 


8.2 


-3.20 


-3.30 


53 


-2.63 


-3.62 


43 


8.3 


-2.86 


-3.00 


66 


-2.31 


-3.27 


44 


8.4 


-2.43 


-2.64 


102 


-1.93 


-2.89 


53 


8.5 


-2.06 


-2.26 


156 


-1.59 


-2.55 


51 


8.6 


-1.59 


-1.87 


239 


-1.30 


-2.25 


23 


8.7 


-1.16 


-1.57 


332 


-1.11 


-2.06 





UGC 


6456, V: 


=F555W 










7.4 


-5.78 


-5.70 


42 


-6.13 


-7.31 


7 


7.5 


-5.65 


-5.63 


5 


-5.65 


-6.83 


6 


7.6 


-5.48 


-5.49 


9 


-5.23 


-6.42 


6 


7.7 


-5.02 


-5.01 


16 


-4.72 


-5.91 


12 


7.8 


-4.57 


-4.55 


27 


-4.27 


-5.44 


11 


7^9 


-4.29 


-4.29 


30 


-3.78 


-4.88 


19 


8.0 


-3.92 


-3.94 


47 


-3.45 


-4.53 


15 


8.1 


-3.53 


-3.56 


66 


-3.05 


-4.12 


62 


8.2 


-3.17 


-3.31 


105 


-2.60 


-3.65 


126 


8.3 


-2.80 


-3.00 


150 


-2.29 


-3.33 


125 


8.4 


-2.37 


-2.64 


153 


-1.92 


-2.96 


NaN 


NGC 


6789, V: 


=F606W 










7.4 


-5.90 


-5.85 


4 


-6.02 


-7.52 


5 


7.5 


-5.81 


-5.80 





-5.64 


-7.08 


4 


7.6 


-5.54 


-5.56 


2 


-5.25 


-6.65 


2 


7.7 


-5.05 


-5.06 


13 


-4.75 


-6.10 


14 


7.8 


-4.60 


-4.60 


14 


-4.30 


-5.56 


22 


7.9 


-4.23 


-4.23 


15 


-3.87 


-5.07 


26 


8.0 


-3.89 


-3.90 


40 


-3.42 


-4.59 


63 


8.1 


-3.55 


-3.58 


36 


-3.05 


-4.15 


87 


8.2 


-3.13 


-3.18 


88 


-2.65 


-3.71 


117 


8.3 


-2.71 


-2.92 


116 


-2.28 


-3.33 


41 


8.4 


-2.35 


-2.71 


188 


-1.98 


-3.04 





8.5 


-1.86 


-2.28 


261 


-1.64 


-2.70 





DDO 


165, V= 


F555W 










7.4 


-5.93 


-5.91 


25 


-6.01 


-7.35 


11 


7.5 


-5.85 


-5.87 


7 


-5.62 


-6.94 


12 
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TABLE 3 — Continued 



IjOg 








Ml 7 




Nn RHpR 


Age 


(mag) 


(mag) 




(mag) 


(mag) 




7.6 


-5.62 


-5.67 


23 


-5.13 


-6.42 


43 


7.7 


-5.02 


-5.04 


181 


-4.79 


-6.07 


55 


7.8 


-4.57 


-4.58 


299 


-4.29 


-5.53 


190 


7.9 


-4.23 


-4.24 


447 


-3.87 


-5.08 


291 


8.0 


-3.84 


-3.85 


633 


-3.39 


-4.56 


521 


8.1 


-3.47 


-3.48 


548 


-3.02 


-4.15 


420 


8.2 


-3.08 


-3.14 


818 


-2.65 


-3.76 


416 


8.3 


-2.72 


-2.84 


1049 


-2.31 


-3.39 


441 


8.4 


-2.23 


-2.40 


2782 


-1.93 


-3.00 


NaN 


NGC 


2366, V: 


=F555W 










7.4 


-6.04 


-6.05 


64 


-5.71 


-7.30 


15 


7.5 


-5.96 


-5.97 


7 


-5.30 


-6.91 


21 


7.6 


-5.56 


-5.59 


54 


-4.92 


-6.50 


43 


7^7 


-5.02 


-5.03 


150 


-4.57 


-6.12 


79 


7.8 


-4.66 


-4.68 


162 


-4.17 


-5.70 


112 


7.9 


-4.23 


-4.26 


334 


-3.82 


-5.34 


173 


8.0 


-3.87 


-3.91 


462 


-3.41 


-4.91 


402 


8.1 


-3.48 


-3.57 


939 


-2.97 


-4.46 


928 


8.2 


-3.00 


-3.31 


1866 


-2.57 


-4.05 


1768 


8.3 


-2.43 


-2.85 


4079 


-2.21 


-3.69 


1100 


NGC 


625, V= 


F555W 










7.4 


-6.13 


-6.12 


28 


-5.81 


-7.21 


8 


7.5 


-5.99 


-6.02 


5 


-5.42 


-6.80 


19 


7.6 


-5.68 


-5.72 


9 


-5.10 


-6.44 


17 


7.7 


-5.05 


-5.03 


43 


-4.74 


-6.04 


32 


7.8 


-4.52 


-4.48 


99 


-4.24 


-5.51 


84 


7.9 


-4.24 


-4.20 


90 


-3.89 


-5.12 


92 


8.0 


-3.89 


-3.88 


139 


-3.51 


-4.72 


187 


8.1 


-3.48 


-3.52 


219 


-3.17 


-4.34 


222 


8.2 


-3.02 


-3.14 


299 


-2.71 


-3.87 


NaN 


Ho II, V=F555W 










7.4 


-6.10 


-6.09 


99 


-5.92 


-7.30 


66 


7.5 


-6.06 


-6.05 


12 


-5.58 


-6.95 


35 


7.6 


-5.76 


-5.79 


57 


-5.16 


-6.50 


64 


7.7 


-5.14 


-5.15 


225 


-4.75 


-6.06 


120 


7.8 


-4.63 


-4.63 


380 


-4.24 


-5.51 


218 


7.9 


-4.30 


-4.31 


376 


-3.92 


-5.15 


215 


8.0 


-3.87 


-3.89 


671 


-3.50 


-4.70 


444 


8.1 


-3.53 


-3.59 


717 


-3.07 


-4.21 


792 


8.2 


-3.13 


-3.26 


1456 


-2.72 


-3.86 


921 


8.3 


-2.72 


-3.00 


2367 


-2.37 


-3.48 


NaN 


NGC 


5253, V: 


=F555W 










7.4 


-6.20 


-6.22 


206 


-5.75 


-7.24 


169 


7.5 


-6.07 


-6.10 


33 


-5.37 


-6.88 


103 


7.6 


-5.71 


-5.79 


118 


-5.00 


-6.43 


116 


7.7 


-5.05 


-5.08 


392 


-4.61 


-6.02 


170 


7.8 


-4.60 


-4.62 


381 


-4.27 


-5.63 


212 


7.9 


-4.21 


-4.25 


493 


-3.81 


-5.13 


467 


8.0 


-3.93 


-4.01 


443 


-3.36 


-4.64 


NaN 


8.1 


-3.50 


-3.61 


957 


-3.00 


-4.26 


NaN 


NGC 


6822(1), 


a V=F555W 










7.4 


-6.07 


-6.20 





-5.81 


-7.31 





7.5 


-5.99 


-6.15 





-5.45 


-6.95 





7.6 


-5.64 


-5.79 





-5.10 


-6.54 





7.7 


-5.03 


-5.18 





-4.71 


-6.11 





7.8 


-4.58 


-4.72 





-4.24 


-5.62 





7.9 


-4.23 


-4.37 


2 


-3.81 


-5.15 


4 


8.0 


-3.81 


-3.97 


16 


-3.47 


-4.79 


9 


8.1 


-3.39 


-3.61 


15 


-3.10 


-4.38 


15 


8.2 


-2.99 


-3.29 


19 


-2.62 


-3.87 


24 


8.3 


-2.51 


-3.03 


28 


-2.34 


-3.57 


18 


8.4 


-2.04 


-2.72 


30 


-2.06 


-3.27 


35 


8.5 


-1.44 


-2.26 


48 


-1.70 


-2.90 


61 


8.6 


-0.96 


-1.84 


51 


-1.41 


-2.60 


100 


8.7 


-0.52 


-1.45 


71 


-1.04 


-2.23 


134 


NGC 


6822(2), 


a V=F555W 










7.4 


-6.10 


-6.24 





-5.85 


-7.35 





7.5 


-6.02 


-6.17 





-5.50 


-6.99 





7.6 


-5.62 


-5.80 





-5.05 


-6.50 





7.7 


-5.05 


-5.21 





-4.68 


-6.08 
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TABLE 3 — Continued 



IjOg 


lvi y 




Nn RHpR 






Nn RHpR 


A on 


tjnagj 


(jriag; 


Stars: 


I ' 1 1 a (T 1 

l^mdgj 


tjnagj 


Start; 


7.8 


-4.58 


-4.73 


1 


-4.35 


-5.73 





7.9 


-4.18 


-4.33 


5 


-3.86 


-5.21 





8.0 


-3.82 


-4.00 


16 


-3.45 


-4.76 


15 


8.1 


-3.48 


-3.71 


18 


-3.03 


-4.29 


30 


8.2 


-3.02 


-3.37 


14 


-2.68 


-3.89 


44 


8.3 


-2.51 


-3.04 


34 


-2.34 


-3.55 


48 


8.4 


-2.00 


-2.69 


56 


-2.04 


-3.24 


59 


8.5 


-1.49 


-2.31 


90 


-1.69 


-2.86 


148 


8.6 


-1.00 


-1.90 


141 


-1.38 


-2.55 


218 


8.7 


-0.48 


-1.40 


261 


-1.13 


-2.30 


158 


NGC 


6822(3), a 


V=F555W 










7.4 


-6.16 


-6.26 





-5.85 


-7.33 





7.5 


-6.02 


-6.17 





-5.45 


-6.91 





7.6 


-5.70 


-5.85 





-5.06 


-6.47 





7.7 


-5.02 


-5.11 





-4.69 


-6.06 





7.8 


-4.58 


-4.68 





-4.27 


-5.60 





7.9 


-4.27 


-4.38 





-3.87 


-5.19 





8.0 


-3.87 


-4.01 


2 


-3.45 


-4.75 


2 


8.1 


-3.45 


-3.65 


3 


-3.13 


-4.38 


4 


8.2 


-3.05 


-3.36 


6 


-2.72 


-3.92 


9 


8.3 


-2.52 


-2.99 


13 


-2.35 


-3.53 


19 


8.4 


-1.92 


-2.56 


20 


-1.98 


-3.13 


23 


8.5 


-1.49 


-2.25 


11 


-1.70 


-2.83 


29 


8.6 


-1.05 


-1.91 


15 


-1.39 


-2.55 


65 


8.7 


-0.48 


-1.35 


22 


-1.11 


-2.27 


40 


in 


a a \r 

V — 


■r 000 VV 










7.4 


-6.13 


-6.15 


115 


-5.51 


-7.12 


68 


7.5 


-5.93 


-5.98 


26 


-5.14 


-6.72 


84 


7.6 


-5.50 


-5.53 


95 


-4.79 


-6.30 


112 


7.7 


-5.06 


-5.10 


134 


-4.46 


-5.92 


109 


7.8 


-4.69 


-4.75 


189 


-4.07 


-5.46 


208 


7.9 


-4.27 


-4.39 


323 


-3.76 


-5.12 


249 


8.0 


-3.82 


-4.05 


517 


-3.42 


-4.74 


460 


8.1 


-3.28 


-3.69 


756 


-2.94 


-4.21 


NaN 


NGC 


4449, V= 


:F555W 










7.4 


-6.04 


-6.03 


1009 


-5.54 


-7.19 


581 


7.5 


-5.84 


-5.86 


251 


-5.16 


-6.80 


513 


7.6 


-5.47 


-5.50 


638 


-4.82 


-6.39 


616 


7.7 


-5.02 


-5.03 


1261 


-4.52 


-6.04 


665 


7.8 


-4.71 


-4.75 


1348 


-4.18 


-5.67 


1058 


7.9 


-4.30 


-4.38 


2443 


-3.75 


-5.17 


2363 


8.0 


-3.87 


-4.02 


3858 


-3.41 


-4.81 


3209 


8.1 


-3.47 


-3.79 


5072 


-2.97 


-4.31 


NaN 



NOTE. — The number of BHcB and RHcB stars per V-band and I-band luminosity bin and the associated age derived from isochroncs. The V-band filters for each galaxy 
are listed next to the galaxy names; the I-band filter is F814W for all galaxies. NaN is listed for luminosities reaching below the photometric limit one can unambiguously 
separate blue or red HcB stars. 

a 

The observations for NGC' (i<S22 covered three fields of view. 



